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Abstract
This project was to measure the atomic density of 85 Rb atoms in a magneto optical
trap using a low-intensity probe laser. Additionally, a dark spontaneous force optical trap
was constructed in an attempt to boost the trap density. The dark spot failed to
appreciably increase the overall trap density (which remained steady at - N = 10 10
atoms/cm\ but it did increase the density of dark-slale atoms in the trap by an order of
magnitude. This is a useful result since many experiments on cold Rydberg atoms
involve exciting atoms starting in the ground state rather than the first excited state,
which is occupied by a large number of atoms in a traditional magneto optical trap. The
dark spot trap shows promise for boosting both the density of dark state atoms in the trap
as well as the overall trap density. However, the latter goal will require further
adjustment to the trap.
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Chapter I. Introduction to Rubidium Trapping
In order to conduct experiments on ultra-cold Rydberg atoms in a magneto optical
trap (MOT), it is preferable to start with a relatively high trap density. Ideally, there
should also be a large population of atoms in the ground state in the trap. However, with
a traditional MOT there are a couple of limitations. First, the MOT uses lasers to cool the
atoms by exciting them to higher energy states causing them to lose kinetic energy. This
creates a relatively large population of atoms in an excited state and, therefore, a large
number of atoms that are fluorescing, i.e. re-emitting photons. The re-emitted photons
can be absorbed by other atoms, but this tends to increase their kinetic energy rather than
decrease it. This re-emission process creates an outward "radiation pressure" that
balances the cooling pressure of the MOT lasers. Additionally, the relatively high atomic
density of the rubidium vapor causes strong absorption of the trapping laser beam which
means, not only is there a large population of excited state atoms in the trap, but there are
also relatively few atoms in the ground state in the traditional MOT. This is undesirable
for certain Rydberg experiments.
The purpose oftbis project was to measure the atomic density of rubidium 85
(

8s

Rb) in a particular atom trap and i.ncrease that density, if possible, by modifying the

MOT so that it works in the dark spontaneous force optical trap ("dark spot" or
"DMOT") configuration. The dark spot is, in brief, a part of the trap where the atoms are
trapped but are in the "dark state" (one of the ground states) and no longer fluorescing.
This is desirable for two reasons. First, the atomic density here should, theoretically, be
higher than that of a trap without a dark spot because the radiation pressure problem is
absent since the dark state atoms are not fluorescing. This is important because a higher

trap density enables better results when doing experiments on Rydberg states. Secondly,
the relative population of ground state atoms in the trap should be much higher also. This
is desirable because some Rydberg experiments involve exciting atoms from the ground
state to higher states. Even a high trap density may not be very useful if most of the
atoms in the trap are not in the ground state. According to Ketterle et al [2), the
traditional MOT reaches a maximum density around 10'0 atoms/em 3 . A dark spot
magneto optical trap (DMOT), however, can reach densities of lO" _10 12 atoms/cm 3
with a much higher population of dark state (ground state) atoms as well. [2]
Rubidium is used in the trap for two reasons. As the fifth of the Alkali Metals, it
has the electron configuration,
(Kr]5s

l

.

The single valence electron is easily excited using low power infrared lasers. Secondly,
rubidium vaporizes easily at relatively low temperatures, so only mild heating is
necessary

to

put rubidium vapor into the MOT. Finally, only 85Rb is trapped in the MOT

even though rubidium 87
simply that

85 Rb

(87 Rb)

is present in any sample of rubidium. The reason is

is present in greater concentrations in any rubidium sample, and it is

easier to trap a greater number of atoms by using

8s

Rb . However,

87

Rb could easily be

trapped by adjusting the frequency of the trapping lasers to its specific energy transitions.
The MOT used for this project can cool 85Rb from room temperature (- 300 K) with
average atomic velocity Vavg

= 500 m/s to about

100 11K with Vavg

= 0.2 m/s.

2

Chapter II. Cooling and Trapping 8s Rb
The cooling and trapping process is achieved using two frequency stabilized
lasers and a magnetic field. Basically, by exciting a moving atom from the ground state
to an excited state, the atom's linear momentum can be decreased. This means its kinetic
energy will also be lower, effectively cooling the atom. Although the atom will reemit
the photon and gain some momentum from the decay process, the emitted photon will
head in a random direction, i.e. unconnected with the direction of the original laser beam.
Therefore, an atom that absorbs and reemits a large number of photons all coming from a
certain direction will have its velocity component reduced in that direction. By hitting a
group of atoms with streams of photons coming from multiple directions, it is possible to
slow the total velocity and keep the atoms at a very low effective temperature, i.e.
moving very slowly in the trapping region.
A "trapping laser" is used for precisely this purpose. Since the near-infrared
lasers (- 780 run) used in this MOT can be tuned to very precise frequencies, tbe
hyperfme energy transitions for 8s Rb are used for cooling and trapping. (See Figure 1.)
Specifically, the trapping laser is set to excite the F

= 3 to F' = 4 transition.

(F states

simply include the nuclear spin momentum in addition to the orbital momentwn and
electron spin momentum. So F

=L

+ S + 1= J + 1.) Atoms excited into the F' = 4 state

are cooled and quickly decay back to the F

= 3 state from which they can absorb more

photons and be cooled further. However, the frequency difference between the F' = 4
and F' = 3 energy levels is comparable to the laser bandwidth so a large number of atoms
are excited into the F'

= 3 state as well.

From here, they can decay back to the F

= 3 or

3

photons from neither laser beam, while the moving atoms only absorb photons from the
counter-propagating beams, thus ensuring the atoms are only decelerated by the laser.
As the atoms become increasingly cooled, they can no longer see the trapping
laser in any direction. That is, the atoms have slowed down enough so that they perceive
a decreased laser frequency and will no longer absorb these "off-resonance" photons .
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Figure 3: Two current-carrying coils of wire induce a magnetic field inside the MOT. The field is zero at
the MOT center and increases in strength as atoms move farther away from the center.

The perceived frequency is too far below the energy level transition frequency. Actually,
for a laser of given deruned frequency, an atom must have a fairly specific velocity to
blue-shift the beam just enough to cause an excitation. This is where the magnetic field
becomes important. Figure 3 shows a simplified field line diagram of the magnetic field
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The goal is to ensure that., as the atom moves and slows down, it will always perceive the
Doppler blue-shifted photons to be resonant.

In Figure 4, one can imagine an atom moving rapidly towards the MOT center
from the right side of the trap. Its mj = 1 energy level is fairly high above the detuned
laser frequency. However, its high velocity blue-shifts the laser frequency up to the
required transition level which cools the atom somewhat. Meanwhile, it has moved
closer to the MOT center where the magnetic field is less strong. Thus, the slower
moving atom sees a smaller blue-shift, but it is still sufficient to re-excite and further cool
the atom since the m, energy level is lower at this position. Once again, the atom is
excited and cooled. This process continues until the atom comes to rest or it reaches the
point on the left side of the MOT center where the m, = 1 line intersects the red laser
frequency line. Ifit still hasn't slopped at this point, it continues out of the trap. The
same process occurs for a fast moving atom moving in the opposite direction starting
from the opposite side oftbe trap, but with the

mJ

= -1

transition. Finally, an atom

moving in from the right will only be excited to the m/ = 1 level by tbe right-handed

(n~)

polarized beam coming towards it, while an atom moving in from the left will only be
excited to the m, = -1 level by the left-handed (n-) polarized beam coming towards it.
Furthermore, the atom moving in from the right does not see the (l polarized beam
coming at it from behind because of the Doppler red-shift.. Thus, it cannot be excited to
the

m, = -1 state and cannot be accelerated.

The same is true also for an atom coming in

from the left for tbe mj = 1 and the (J ~ polarized beam. The magnetic field ensures that an
atom can continue to be cooled as it is cooled, i.e. slows down.

8

The secondary function of the magnetic field is simply to ensure that very slow
atoms are not falling out of the trap due to gravity. The magnetic field does exert a weak
force on the atoms due to their atomic magnetic dipole moments. This force is enough to
counteract gravity when the atoms are moving very slowly. When the atoms are moving
fast, both gravity and the magnetic force have a negligible effect on the atomic motion.
So the magnetic field serves as the

'~p"

while the lasers serve as the "coolant."

9

goes into the chamber to dim it Figure 14 shows the probe laser set-up. The trapping
and repurnping lasers are omitted for clarity.

20

Chapter IV.

&5 Rb

Gas Density Calculation

Optical Absorption Formula
In order to calculate the density of 8s Rb gas, a probe laser is directed through the
center of the trap and then onto a photodiode on the far side. The amount of light
absorbed by the vapor is combined with the optical absorption formula to calculate the
density of the dark spot and fluorescing regions of the 8sRb gas in the trap. Since the
volume of the trap and dark spot can be easily estimated, this gives a convenient method
for determining the approximate density of 85Rb atoms in the MOT and DMOT. The
optical absorption formula is [1, pp. 138],

l(CIJ.Z)

= I(w.O)e-Nu(m)z,

where J(CIJ.z) equals the laser intensity at angular frequency

(I)
CIJ

after passing through a gas

of depth z meters, l(w, 0) equals the laser intensity of the unabsorbed incident beam., N
equals the gas density in ro'), and arm) equals the absorption cross section in rn

2

.

I(w,z)

can be easily measured by a pbotodiode, while the thickness of the trap region can be
estimated to obtain z. Hence, all that remains to calculate the density is to determine the
cross section for 8s Rb and solve equation 1 for N:

(2)

In the actual data analysis in this project, N is not calculated precisely using
Equation 2. Instead, Equation L is rearranged to give the transmission, T, as a function of
N, a, and z:

T

1(w, z)

= I(m,O) =e

-Na(lJ.J)"

.

(3)

2J

Then, T CUlVes are graphed for several orders of magnitude of N (N = 109 __ 10l)
atoms/cm) versus angular frequency m. The length of the interaction value is z:::: 0.1
em, and ty is calculated below. In order to estimate the density of the atom trap, the actual
absorption/transmission data from the probe laser oscilloscope is superimposed over the
theoretical transmission-versus-frequency graphs and fitted to one of the theoretical
curves. The atomic density of the trap should be approximately equal to the N value
corresponding to the best fit theoretical curve.

J -- J' Transitions (No Hyperfme Structure)

In the absence of hyperfine structure, the cross section is given by the formula [3,
pp. 27),

3A?
2:n

(4)

a Jr = - ,

which is equal to 290.7 x 10. 15 rn 2 for 85 Rb . [3, pp. 275J The JJ' subscript refers to the
transition between the "ground" (J) and the "excited" (J') fine structure states.
Specifically, the

85 Rb

transition in this project is the 5s 112

--

5P312, so J

= 1/2 and J' = 3/2.

Also note that m, v, and), are interchangeable since m = 21rV = brc!}.. However, this
formula is only useful if the laser is tuned to the resonance wavelength of the transition.,
i.e.). = ~ or the center wavelength of the absorption line. For cases when this is not
necessarily true, there is the following formula for the cross section [1, pp. 139):

(5)

where
I

gH(W)

r

= 2:n (m _ mo )2 + r 2 /4

(6)
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is the Lorentzian line shape, in which

r

is the sum of the upper and lower state line

widths. The total spontaneous decay rate of state J' to state J is given by
(7)

The fine structure constant a. is given by
(8)

The subscript H in Equation 6 indicates that the line shape is dominated by homogenous
broadening. This is appropriate since the atomic velocities are so low that
inhomogeneous Doppler broadening is negligible. The (OJ - wo) term is the difference
between the laser angular frequency and the angular frequency of the center of the
absorption line. Also,

&

=

gJ'

2J + I where 2J + 1 is the number of MJ states in the J
2J' + I

state where MJ is the quanrum number representing the z-component of J. The dipole
matrix element,

IllJ)'I, of J and J' is given by [I, pp. 126]
(9)

Combining equations 6, 7, and 8 gives the equation for the cross section of the flne
structure transition:
2 2

2J + I
()J2
3n£
tu:)
2F
+ 1 (w o
0

a Jf (()J ) _ n c
F

--+

()}

r 12n

2 /4
{V )2 + r
0

I(JIIer-IIJ')1 2 .
;

;,

(10)

F' Transitions (Including Hyperfme Structure)
The lasers used in this project are precise enough in frequency that the byperfine

structure of 85 Rb can be resolved. Consequently, the cross section formula must be
adjusted to take F slates into account. F = J + I where I is the nuclear spin of the atom.
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F states are treated quantum-mechanically just like J states. The cross section formula

becomes
(11 )

However, the dipole matrix element is derived from the equation below [4, pp. 7]:

I(Fllerjlr)1

J J' 1

2

=

(2F' + 1)(2F + 1)

r
{

F I

}2

I(JllerIIJ't,

(12)

where the" { }" term is the 6-j symbol appropriate for these angular momenta. This
gIVes,

(]3)

or

(14)

where
(15)
Note that the F state selection rules allow a M' = 0, ± 1 in the transition from the F
to

F'state. Consequently, there are three possible values for F' for a given F. F, which

represents the ground state, can be either 2 or 3. The F
are excited by the repumping laser while the F

= 2 -+ F' = 1,2, and 3 transitions

= 3 -+ F' = 2, 3, and 4 transitions result

from the trapping laser. Since there are three possible hyperfme transitions from two
possible hyperfine ground states, a total cross section is the sum of the three cross
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sections for each trio. In other words, there is a (Jw/al for both the repumper and trapping
laser transition groups. These total cross sections for the repumper and the trappi.ng laser
are found by simply summing the respective cross sections for the three hyperfrne
transitions:
2

o

=0
1OI-"'p

+a
21

=X

+0
22

13

l'3

l l' J }
{ F' F 1

1

(w _

F~2

U,ol_Urzp

=0

32

+ 0 33 + U ~

=

X

l l' 1
~,
r~3.4 { F F I
F:3

Note that

(J

wn.~)2 + r

}2

2

(16)

/4

I
2

2

(w-WFF') + r /4

.

(17)

is still a function of angular frequency (w) even though it is omitted from

Equation 16 onward to make things less messy.
Another simplification is now made to X If X is multiplied by 1 in the form of

(2l + 1) (2l' + t) .
.
It can then be wntten as,
(2l' + I) (2l + 1)

~_----.:._~-_..:....

x = Jr2 C 2 ~(2F + 1)2 (21' + 1) A

w;

2rr

(2l + 1)

.

(18)

JJ

wbere

(19)

This value A.Jj' (seen above as Equation 7) is known as the spontaneous decay rate from

J' to 1. For the l ' = 3/2 state of 85Rb, AJJ' is the same as the total decay rate. That is

AJJ'

= 1/ ~ = r , where r = the radiative Ii fetime of the atom in the J' state.

from the Heisenberg Uncertainty Principle, which states that tuM

~ 1i.
2

This comes

Here, tit = T is

the uncertainty in time. Since D.t is non-zero, there is a non-zero uncerL1inty in the time
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required for a J' state to decay back into a J state. Consequently, there is also a non-zero
uncertainty in the frequency (energy) difference between the J' and J states. This means
that the absorption peaks (as seen on the oscilloscope measuring the probe laser
attenuallon spectra) for the J
line widths are, in fact,

-10

J' (or F

-10

F) transitions have a non-zero width. The

r, where
AJJ "

=

1Ir

=

r .

(20)

Equation 18 then becomes
(20)

and Equations 16 and 17 become

(21)

and

=
a/ol-trap

" ,

_I rc-c- (21 + I) (2F 1)2
2
+
2n (00 (21 + 1)

~'~4

{1 l'
I

1 }2

F F /

r2
(w -

2

(OFF')

+

(22)

r-") 14

respecti vel y.

It is now possible to calculate numerical values for the atomic cross sections for
the repumper and trapping laser transitions and use them to predict the strength of probe
laser attenuation as the probe beam scans across a range of frequencies. For both the
repumper and trapping laser transitions, J
2.41

x

= 1/2, J' = 3/2, r = 3.81

7

x 10 radls, and

lOo

=

1015 rad/s. The evaluated 6-j symbols are shown below. [5]
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Repumper:

.!., 22
-

5

[ 12-

Trapping:

1[ = 2J5
-1
"" -0.223607

j

= _ )_

3M

5

23
2

2

1[ =.J7 = 0.197203

.!.2 12

[ 22-5

6../5

I)

.!.') 2')
- -5
(32-

-1

=

3J5

.!.2 22

j
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2

2

1 3 I[

2 2

= -0.149071

11

J5

0.089087

= -0.140859

6J7

2

131)

j

= -

5

...

2 2

=

2fi =0.188982

5
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2

At this point, there is nothing left to do but sum the cross sections and graph the totals.
Then, theoretical percent attenuation/transmission curves can be graphed for varying
values of N. (See Figures 15 - 18 in Chapter Y.)
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V. Results
Figures 15 through 18 show the theoretical cross-section and percent transmission
curves for the probe beam. Figure 15 shows the theoretical transmission peaks of a probe
beam exciting 85Rb atoms from the dark State to the excited states for the repumper
transitions (F= 2 -+ F' = 1,2,3). Directly below, Figure 16 shows the corresponding
atomic cross sections at these three hyperfine energy transitions. Likewise, Figures 17
and 18 show the theoretical transmission peaks and the corresponding atomic cross
sections for the trapping laser transitions (F = 3 -+ F' = 2, 3. 4). There are 5
absorption/transmission spectral curves on both Figures 15 and 17. Each one
corresponds to an atomic density level for the 85Rb atoms in the trap. By fitting an actual
absorption/transmission curve from the probe laser photodiode to the theoretical graphs,
it is a simple matter to estimate the trap density by observing which theoretical spectrum
the probe laser curve overlaps most closely.
Figure 19 shows an actual probe laser spectrum fitted to the theoretical graph.
Note that the laser spectrum (light blue eurve) overlaps most closely with the N = 10 10
atoms/em3 curve. This indicates that the dark state atoms in the trap (inside the dark
spot) have a density of only - 10 10 atoms/cm 3 , Also note that the absorption/transmission
peaks are not nearly as even for the experimental curve as for the predicted curve. Figure
20 shows the same data, but, in this case. a much dimmer probe laser beam was used.
Note that the density of atoms is srill- 10 10 atoms/em 3 , but the peaks have mucb more
even heights with the dimmer probe beam. It would appear that a probe beam of too high
an intensity alters the relative probability of each of the three hyperfme excitations in
favor of the F = 2 -+ F' = 1 transition.
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Figure 22 shows the absorption/transmission spectrum for the dark state
transitions (top curve) for the MOT without the dark spot. Note that the absorption peaks
are very small. Compare this with the absorption spectrum in Figure 23 (top curve). Its
peaks are much larger, showing a much higher absorption (lower transmission) of probe
laser light in the dark state transitions. The discrepancy indicates that the dark spot does
indeed increase the density of dark state atoms in the trap by at least an order of
magnitude. Even though the dark spot fails to boost the overall trap density beyond N =

10'0 atoms/em3 , it does greatly increase the number of dark-state atoms in the trap.
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VI. Conclusions
Unfortunately, the results obtained by Ketterle et 01 were not achieved. The
highest trap density seen in this project was about 10 10 atoms/em 3 , and not the lOll _ 10 12
atoms/cm3 that was expected. However, there was a large increase in the density of dark
state atoms in the trap due to the addition of the dark spot to the repumping laser beam.
The dark spot increased the number of dark state atoms in the trap by a full order of
magnitude. This is encouraging since one of the goals of adding the dark spot was to
increase the number of dark-state (and therefore ground-state) atoms in the trap in order
to better facilitate other experiments on Rydberg states. A slightly more subtle point, but
one that is worth noting, is that a dimmer probe beam seemed to alter the relative sizes of
the absorption/transmission peaks less than a higher intensity probe beam. For future
testing, care should be taken to keep the probe beam as dim as possible so as not to knock
atoms out of the trap or alter the relative likelihoods of each hyperfine transition.
At this point, it is not clear wby the dark spot failed to give the higher densities
that were predicted. One problem may be that it is exceedingly difficult to make the two
repumper beams intersect perfectly to create a fully shadowed "umbra" region where
there is no repumper light. Putting this point of intersection at the center of the atom trap
where the six trapping beams intersect is even more difficult So it is possible that the
dark spot was simply not quite at the trap center or the dark spot was not completely dark.
It is also quite possible that some repumper light was scattering off the glass laser access
windows or off the chamber walls themselves into the dark spot region. Finally, although
lenses were used to focus the dark spot image on the trap center, that too may not have
been perfect. The nJbular repumper beams may have dispersed enough that the dark spot
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was not totally devoid of photons. In any case, the dark spot was partially successful, but
the DMOT will require further adjustment before the higher magnitude densities can be
achieved.
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